We report the systematic detection of magnetic fields in massive (M > 5 M ⊙ ) latetype supergiants, using spectropolarimetric observations obtained with ESPaDOnS at the Canada-France-Hawaii Telescope. Our observations reveal detectable Stokes V Zeeman signatures in Least-Squares Deconvolved mean line profiles in one-third of the observed sample of more than 30 stars. The signatures are sometimes complex, revealing multiple reversals across the line. The corresponding longitudinal magnetic field is seldom detected, although our longitudinal field error bars are typically 0.3 G (1σ). These characteristics suggest topologically complex magnetic fields, presumably generated by dynamo action. The Stokes V signatures of some targets show clear time variability, indicating either rotational modulation or intrinsic evolution of the magnetic field. We also observe a weak correlation between the unsigned longitudinal magnetic field and the Ca ii K core emission equivalent width of the active G2Iab supergiant β Dra and the G8Ib supergiant ǫ Gem.
INTRODUCTION
Supergiants are the descendants of massive O and Btype main sequence stars. When a massive star completes its main sequence evolution, it evolves rapidly across the Hertzsprung-Russell (HR) diagram becoming a cool supergiant, characterized by a helium-burning core, and a deep convective hydrogen-burning envelope. This is in strong contrast to their OB main sequence phase, where they are characterized by a convective hydrogen-burning core and a radiative envelope (e.g Brown & Harper 2006) . Subsequent evolution of the most massive stars (initial mass > 25 M⊙) involves the ejection of their envelope in the Wolf-Rayet phase and a dramatic explosion in a type Ib supernova, while the less massive stars (initial mass between about 8 and 25 M⊙) evolve into red supergiants that explode as type II supernovae. Ultimately, the end product is a neutron star or black hole (e.g. Crowther et al. 1995; Eldridge 2008) .
Due to their extended radii, low atmospheric densities, ⋆ Based on observations obtained at the Canada-France-Hawaii Telescope (CFHT) which is operated by the National Research Council of Canada, the Institut National des Sciences de l'Univers of the Centre National de la Recherche Scientifique of France, and the University of Hawaii. † E-mail: Jason.Grunhut@rmc.ca slow rotation and long convective turnover times, supergiants provide an opportunity to study stellar magnetism and activity at the extremes of parameter space. Observations of late-type supergiants (spectral type F and later) report an array of diverse and puzzling activity phenomena. Active late-type supergiants are luminous in X-rays and show emission in chromospheric ultraviolet (UV) Si iv lines, with some stars showing evidence of flaring -phenomena associated with the presence of a corona and magnetic reconnection, presumably resulting from a dynamo-driven magnetic field (e.g. Tarasova et al. 2002; Ayres 2005) . However, unlike main sequence dwarfs, supergiants show little, if any, rotation-activity relation and are X-ray deficient by an order of magnitude or more compared to main sequence dwarf stars of similar spectral type (e.g. Ayres et al. 2005) .
There also exists a class of "non-coronal" or inactive supergiants that exhibit weak or no X-ray emission, UV spectra containing mostly low-temperature chromospheric lines (O i, Mg ii: T ∼ 10 4 K) and much weaker UV fluxes in C iv chromospheric emission lines . The position of these non-coronal stars on the HR diagram coincides with the regions where cool (T 2 × 10 4 K) winds are predicted to dominate the circumstellar environment, potentially masking their X-ray emission (e.g. Haisch et al. 1992; Ayres 2005) . Another possible explanation for their apparent lack of activity is that magnetic loops might be submerged within the thick extended chromosphere (Ayres 2005) , resulting in internal absorption of coronal X-rays. Curiously, there also exist some "hybrid" stars that show the strong C iv UV line emission of active supergiants, but that are weak or undetected in X-rays (e.g Ayres 2005) .
Observations of the M2 supergiant Betelgeuse (M = 10 M⊙; Carpenter & Robinson 1997) have revealed a chromosphere extending beyond 120 R * , as well as evidence of irregular surface brightness fluctuations, which simulations suggest are due to giant convective cells (Freytag et al. 2002) . Numerical simulations (Dorch 2004) predict that these convective regions are able to excite a dynamo capable of generating a highly structured surface magnetic field with localised features as strong as 500 G. In fact, Aurière et al. (2010) recently reported the detection of a magnetic field in this star, with a (disc-integrated) longitudinal field component varying from about 0.5-1.5 G over about one month.
Motivated by the outstanding puzzles associated with the activity of late-type supergiants, the near complete lack of direct constraints on their magnetic fields, and recent successes measuring the magnetic fields of red and yellow giants (evolved intermediate-mass stars; e.g. Aurière et al. 2008 Aurière et al. , 2009 Konstantinova-Antova et al. 2009 ), we have initiated a program to search for direct evidence of magnetic fields in supergiants (evolved high-mass stars). The data presented in this paper represent stars with detected Zeeman signatures observed as part of a large survey of over 30 supergiants ranging in spectral type from early A-to late M.
OBSERVATIONS
Circular polarisation (Stokes V ) spectra were obtained with the ESPaDOnS spectropolarimeter, mounted on the 3.6m Canada-France-Hawaii Telescope (CFHT), as part of a larger survey investigating the magnetic properties of bright, late-type supergiants. In addition, one spectrum was acquired with the NARVAL spetropolarimeter on the Bernard Lyot Telescope (TBL).
Both the ESPaDOnS and NARVAL instruments are optical echelle spectropolarimeters, capable of yielding broad bandpass (370 to 1050 nm), high resolution (R = 68 000), polarised spectra. A complete polarisation observation consists of four individual sub-exposures between which the half-wave retarders are rotated back and forth between position angles of -90
• and +90
• in order to reduce first-order systematic errors in the polarisation analysis. The extraction of the ESPaDOnS and NARVAL spectra, along with wavelength calibration and continuum normalisation, was accomplished using the Upena pipeline running Libre-ESpRIT (Donati et al. 1997 ), a dedicated automatic reduction package installed at both CFHT and TBL. To avoid saturation, we often obtained multiple consecutive sequences of observations of a target that we co-added after extraction. The median signal-to-noise ratio (S/N) of the co-added observations (computed from photon counting statistics, per 1.8 km s −1 spectral pixel in the V -band) was about 2500, but ranged as high as 4700.
More than 30 stars have been observed as part of a survey of the brightest supergiants. The current sample contains 4 A-type stars, 8 F-type stars, 11 G-type stars, 7 Ktype stars, and 3 M-type stars. In this paper we report the current results of this survey, with a focus on the 9 stars in which clear Stokes V Zeeman signatures have been detected. The journal of observations for the observed stars is provided in Table 1 .
MAGNETIC FIELD DIAGNOSIS
In order to increase the S/N and detect weak Zeeman signatures in the circularly polarized spectra, we applied the Least-Squares Deconvolution (LSD; Donati et al. 1997) procedure to all polarimetric observations. The line masks used in this analysis were constructed for photospheric lines using atomic data from the Vienna Atomic Line Database (VALD; Ryabchikova et al. 1997; Kupka et al. 1999 ) with line depths computed assuming solar abundances and LTE. Only lines with predicted depths greater than 10 percent of the continuum flux were included in the line masks. This resulted in, for example, about 4000 lines included in the mask for a G2 star. The final result of the LSD analysis of a sequence of observations is a single, mean circular polarisation profile (LSD Stokes V ), a mean diagnostic null profile (LSD N ), and a mean un-polarized profile (LSD Stokes I). This resulted in an increase in the S/N by a factor of 21 to 68, roughly varying as the square root of the number of lines in the mask. All LSD profiles were produced on a spectral grid with a velocity bin of 1.8 km s −1 . Fig. 1 illustrates the LSD profiles of 9 stars of our sample for which magnetic fields were unambiguously detected, showing the often complex Zeeman signatures across the spectral lines of supergiants from early-F to mid-K spectral type and their placement on the HR diagram. Temperatures and luminosities were compiled from various published catalogues (Cayrel de Strobel et al. 2001; Gray et al. 2001; Kovtyukh 2007; Lyubimkov et al. 2010) , or otherwise derived using U BV photometry from the Bright Star Catalogue (Hoffleit & Warren 1991) using transformations of Flower (1996) and Bessell et al. (1998) . Six additional stars in which no statistically significant Zeeman detection is achieved but in which the presence of magnetic field is suspected (based on an excess of Stokes V signal at the position of the stellar mean spectral line) are shown in Fig. 2 . Finally, the remaining stars presenting no evidence of a Zeeman signature are illustrated in Fig. 3 .
The longitudinal field measurements reported in Table 1 were measured from the LSD Stokes I and V profiles in the manner described by Silvester et al. (2009) , with the integration carried out within the limits of the Stokes I line profile. We stress that while the longitudinal field provides a useful measure of the line-of-sight component of the field, we do not use it as the primary diagnostic of the presence of a magnetic field. This is because a large variety of magnetic configurations can produce a null longitudinal field (as is apparent from our measurements in Table 1 ), while many of these configurations will generate a detectable Stokes V signature in the velocity-resolved line profiles that we observed, as is evident in Fig. 1 .
We find an increase in the number of detectable Stokes V signatures for observations of higher S/N (the peak S/N of the unpolarized spectra in the V -band ranges from 700 to 3300). We find only 4 detections (∼40 percent of our Table 1 . Journal of ESPaDOnS/NARVAL observations. Columns 1-7 list the target name, the HD number, the spectral type (from SIMBAD), the observation date, the exposure time, the peak signal-to-noise ratio (S/N) in the V -band in the observed spectrum, and the mean S/N ratio (per 1.8 km s −1 velocity bin) in the LSD Stokes V profile, for each observation. Columns 8-10 list the mean longitudinal field measurement from the LSD profiles, the false alarm probability (FAP), and the Stokes V detection diagnosis (DD=Definite Detection, MD=Marginal Detection, ND=No Detection) as described by Donati et al. (1997) detected number of stars) with peak S/N of 2500 or less (the bottom half of our sample), while we find 5 detections (∼60 percent of our detected number of stars) with peak S/N in the top half of our sample. However, we do detect fields in stars with lower S/N, the lowest being α Per with a peak S/N of 1509 in the V -band. Nevertheless, based on our own experience and that of Aurière et al. (2010) it appears that achieving a S/N of 2500 or higher is best suited to detecting and characterising magnetic fields in supergiants using the methods described here.
RESULTS
Our investigation of late-type supergiants shows that many host detectable Stokes V Zeeman signatures. The signatures are frequently complex, and the associated longitudinal magnetic field are generally weaker than 1 G. We have detected usually unambiguous Zeeman signatures in 9 stars of our sample, with 6 additional stars suspected to show signatures. The detected stars span a large range of physical characteristics, with the most massive star detected being α Lep (F0Ib, ∼15 M⊙). This star also represents the hottest star in our sample with a detectable circular polarisation Zeeman signature (T eff ∼ 7200 K). The lowest mass star in our sample with a detectable Zeeman signature is β Dra (G2Iab, ∼5 M⊙). Based on our adopted effective temperatures, the coolest star with a detection is c Pup (T eff ∼ 3700 K), but we also have obtained detections in other cool K-type stars such as λ Vel.
As is evident from the HR diagram in Fig. 1 , we obtain a high incidence fraction for stars with spectral types F (∼40 percent; total of 8 stars observed), G (∼30 percent; total of 11 stars observed), and K (∼40 percent; total of 7 Figure 2 . LSD Stokes I (bottom), Stokes V (top) and diagnostic null (middle) profiles for stars with suspected Zeeman signatures detected in Stokes V (based on an excess of Stokes V signal at the position of the stellar mean spectral line), which still result in non-detections based on the detection criteria of (Donati et al. 1997 ).
stars observed). For M-type supergiants this fraction is more uncertain (with a total of just 3 stars observed); with two suspected detections the incidence fraction may be as high 67 percent. We currently have not obtained any detections in hotter A-type stars (total of 4 stars observed).
Prior to November 2009, ESPaDOnS was known to suffer from (variable) polarisation cross-talk at a level of 1-4 percent. During the period when most of the observations described here were acquired, the primary source of this cross-talk was the ESPaDOnS atmospheric dispersion corrector (ADC; Barrick et al. 2010) . In November 2009, a new ADC was installed in front of the ESPaDOnS polarimetric module, and the measured cross-talk since that time has remained stable at a level of about 0.6 percent. The repeatability of our Zeeman detections (both with ESPaDOnS, before and after resolution of the cross-talk issue, as well as with Narval), the existence of both detections and non-detections within our sample, the diversity and complexity of the detected signatures, and the lack of any published evidence for strong, coherent linear polarisation within the metallic absorption lines of late-type supergiants, makes us confident that the Stokes V signatures detected within this survey are not significantly affected by cross-talk.
Our current dataset reveals no clear differences between the classical optical activity indicators (such as Ca ii H&K emission or Hα emission) of those stars for which we detect fields and those for which we do not. Additionally, we find no obvious differences between the rotational velocities of the stars with magnetic detections and those without (using v sin i measurements of de Medeiros et al. (2002)). However, there does appear to be a weak correlation between the unsigned longitudinal field strength and Ca ii core equivalent width measurements for some stars in which fields are detected on multiple dates, such as β Dra and ǫ Gem (this correlation for β Dra is shown in Fig. 4 ).
Historically, a number of searches for magnetic fields in late-type supergiants have been published (e.g. Borra et al. 1981; Scholz & Gerth 1981; Plachinda 2005) . Essentially, our direct detections of magnetic fields in supergiants -in particular our typical observation of sub-1 G longitudinal fields -are not consistent with any of the reports claimed in those papers.
A few of the stars in our sample were previously investigated for magnetic fields. Several previous magnetic analyses of α Per were unable to detect a significant field, with the lowest uncertainty that of Shorlin et al. (2002) with Bz = 1 ± 2 G and another measurement by Borra & Landstreet (1973) (Bz = 0 ± 49 G). Our 5 observations of this star span almost a full year, show some variability (see Fig. 5 ) and confirm the presence of a weak longitudinal field (∼ 1 G). While this field is weak, this star exhibits the strongest and most complex Stokes V profile of all observed stars, with an amplitude larger by a factor of ∼2.
A magnetic analysis η Aql was carried out by We note the possibility that the velocity field due to pulsation is responsible for the unusual shape of the observed Stokes V profile. ǫ Gem was investigated by Plachinda (2005) , who reported the detection of a variable field with unsigned field strengths ranging from ∼2 to ∼50 G, with a typical uncertainty ∼5 G. While we do find a clear Zeeman signature in Stokes V , our measured longitudinal fields of this star are significantly lower than the detections claimed by Plachinda (2005) . The observed Stokes V profile of ǫ Gem appears to vary on the order of months, as illustrated in Fig. 6 .
Several supergiants for which we have detected a Zeeman signature are also known pulsators or variable stars (such as α Lep (Arkharov A few of the stars in our sample fall into the "hybrid" chromosphere category, such as α Aqr, β Aqr, and c Pup. All of these stars have weak but detectable Xray emission (Ayres 2005) . While neither α Aqr or β Aqr have detected Zeeman signatures in Stokes V , our observation do show complex Stokes V profiles that are suggestive of a magnetic field. Comparing with the active stars β Dra or 32 Cyg (for which UV prominences were detected by Schroeder (1983)), we see no clear differences in the strengths of their Stokes V signatures that would reflect differences in their magnetic fields. We also observe a clear signature in λ Vel, a "non-coronal" star with a typical cool chromosphere (Carpenter et al. 1999 ).
CONCLUSIONS
Our survey of magnetic fields in massive, late-type supergiants reveals detectable Zeeman Stokes V signatures in the LSD profiles of about one-third of our sample of more than 30 stars. The signatures are sometimes complex and correspond to longitudinal magnetic fields generally below 1 G. These characteristics suggest topologically complex magnetic fields, presumably generated by dynamo action. Given the high rate of incidence, it may well be that magnetic fields are excited in all cool supergiants. Nevertheless, our failure to detect fields in some stars for which very high S/N observations were acquired points to a large range of field strengths or complexities. In fact, Aurière et al. (2010) report the detection of a clear Zeeman signature in Stokes V spectra of the cool M2 supergiant Betelgeuse, with a S/N almost twice has high as typically achieved in this study. This leads us to believe that a S/N approximately twice as high as that achieved here would be valuable for a more complete assessment of field incidence. An additional interesting result of this study is the detection of Zeeman signatures in hybrid and non-coronal supergiants -signatures with strength and structure similar to those observed in active supergiants. As similar magnetic fields are therefore inferred to exist in all three classes of stars, this suggests that the magnetic properties of these different classes are similar and that other phenomena (e.g. attenuation by cool winds or extended chromospheres) are likely the cause of the observed differences in their activity.
